hydrogenase. Class II mutants have a defect in a regulatory gene involved in the regulation of both methanol dehydrogenase and methylamine dehydrogenase. Class III mutants are deficient in formaldehyde metabolism. A defect may exist in the expression of a second non-NAD-linked formaldehyde dehydrogenase which was postulated to be involved in C1 metabolism. Class IV mutants are deficient in cytochrome c. Mutants of class V have a defect in synthesis of the molybdenum cofactor essential for the function of formate dehydrogenase.
Paracoccus denitrificans is a gram-negative bacterium capable of autotrophic growth with methanol, methylamine, or formate as an energy source. In addition, a variety of substrates can be used heterotrophically (24) . Methanol arid methylamine are oxidized to formaldehyde by methanol dehydrogenase (MDH) and methylamine dehydrogenase, respectively (4, 10, 20) . Electrons from methanol flow from the MDH cofactor pyrroloquinoline quinone (PQQ) via a postulated CO-binding c-type cytochrome, cytochromes c and aa3 to oxygen (36) . In P. denitrificans all formaldehyde generated is thought to be oxidized via formate to carbon dioxide by NAD-dependent dehydrogenases. For synthesis of biomass, carbon dioxide is fixed by ribulose bisphosphate carboxylase, the key enzyme of the Calvin cycle (4, 10) .
In methylotrophs using the ribulose bisphosphate cycle, no data are available on the genetics of methanol oxidation at this time. The isolation of mutants in other methylotrophs has proveti to be difficult. Williams and co-workers were unable to induce mutations by UV irradiation in Methylomonas albus, Methylococcus capsulatus, and Methylosinus trichosporium (OB4) and succeeded only with the mutagen N-methyl-N'-nitro-N-nitrosoguanidine (NTG) (37, 38) . They suggested that the lack of error-prone SOS DNA repair mechanisms was responsible for this phenomenon. Genetic studies have been performed with the obligate methylotroph Methylophilus methylotrophus, where carbon fixation follows the ribulose monophosphate pathway. Temperature-sensitive, auxotrophic, and glutamate synthasedeficient mutants have been isolated with NTG (8, 41) . and UV radiation of M. organophilum that were unable to grow with methanol (11, 16, 26) . Because these organisms do not grow autotrophically, specific selection of mutations in methanol dissimilation was not possible, and the majority of the mutants isolated were found to have defects in the serine pathway. However, mutants with defects in MDH or cytochrome c from Pseudomonas sp. AMl; M. organophilum, and also Hyphomicrobium sp. X have been reported (11, 16, 21, 28, 31) . Whether these mutants have defects in the structural MDH gene, in regulatory genes, or in ancillary functions is unclear. Linkage studies in Pseudomonas sp. AM1 were performed with the broad-host-range plasmid R68.45, which was shown to mobilize the chromosome in this organism (31, 32) . Linkage was determined between genes involved in the proper expression of MDH, methylamine dehydrogenase, and cytochrome c and in the genes determining resistance to streptomycin, phosphonomycin, and cycloserine. Linkage relationships in M. organophilum have been investigated by a gene transformation system developed by O'Connor et al. (25, 27, 28) . The genes coding for the enzymes of formaldehyde assimilation and genes involved in MDH expression were reported to be grouped on a single operon. However, recent results from Allen and Hanson (1) show that the genes for methanol metabolism are not closely linked. Genes involved in methanol oxidation have been cloned from Pseudomonas sp. AM1 (13, 14) and M. organophilum (1) after identification by complementation of a variety of mutants.
The efficiency and energetics of methanol metabolism have been subject of previous studies on P. denitrificans in our laboratory. Here (6) . NTG-treated cells were plated on glycerol-MM agar plates in a dilution that would result in 100 to 200 colonies per plate. Colonies were transferred to a disk of filter paper (Schleicher & Schull Co.; 595, 9 cm) which was placed, bacteria faced up, on an MM plate containing methanol. After incubation at 320C for 24 h, the filter paper was overlaid with 0.7% agar containing 25 ,ug of 2,3,5-triphenyltetrazolium chloride per ml. Among red-staining colonies reducing triphenyltetrazolium chloride to the insoluble formazan, white colonies were visible that were picked from the original glycerol plates and tested further for growth on methanol. Controls, with the wild type and the previously isolated cytochrome c-deficient mutant PD1201 (35) , indicated that incubation on plates either with or without methanol for periods shorter than 24 h always resulted in red colonies. Beyond this period only the wild type retained the capacity to reduce triphenyltetrazolium chloride, demonstrating utilization of methanol. With this screening procedure 25,000 colonies were tested, and 15 mutants were found that were unable to grow on methanol. In method B, mutagenlied cells were seeded on 9-cm methanol-agar plates that, were covered with 4 ml of 0.1% ethanol-MM agar. After incubation for 72 h, pinpoint colonies were detected among otherwise normal-appearing colonies. In addition a triphenyltetrazolium chloride overlay as described above was performed, and large nonstaining colonies were found (method C). Both colony types were purified by restreaking and tested for growth on methanol; Among 21,000 colonies tested, 3 mutants that were unable to grow on methanol were selected via method B, and 5 mutants were selected via method C. In method D, mutagenized cells were plated on glycerol-ethanol-MM agar containing. 0.01% allyl alcohol. A single mutant, PD1205, unable to use methanol as the sole source of energy was found among allyl alcohol-resistant colonies.
Revertants. Depending on the existing growth deficiencies, a few drops, of a fresh culture of each mutant were spread onto one of the following substrates: methanol, methylamine, choline, or glycerol plus nitrate. In the center of the plate, 10 ,ul of ethyl methanesulfonate or NTG (1 mg/ml) was placed. After 2 to 5 days colonies appeared which were purified by restreaking and tested for the original mutant phenotype.
Enzyme activities. All spectral studies were performed with an Aminco DW-2a spectrophotometer (American Instrument Co.). Enzyme activities were determined by following chaniges in dual-wavelength absorption measurements at 25°C (dichlorophenolindophenol, 612, reference 580 nm; NADH, 340, reference 375 nm). For dye-linked enzyme assays, cells were permeabilized with 0.5% toluene for 15 min at 0°C, centrifuged, and suspended in 1 mM Tris (pH 7.0). Methanol dehydrogenase was assayed by the method of Anthony and Zatman (2). Dye-linked formaldehyde dehydrogenase (FyDH) was assayed by the method of Johnson and Quayle (17) . NAD-dependent FyDH and formate dehydrogenase activities were determined in whole cells with the assay mixtures of Johnson and Quayle (17) . Cetyltnmethylammonium bromide was included at 0.01% as described previously for the assay of the soluble hydrogenase in Alcaligenes eutrophus (12) . For induction of hydrogenase, cells were grown on glycerol in the presence of hydrogen. The capacity for hydrogen uptake was assayed manometrically in 60 mM potassium phosphate buffer (pH 6.8) with a Warburg microrespirometer (29) with methylene blue as the electron acceptor. Protein was measured by the Lowry et al. method with bovine serum albumin as the standard (19) .
Cytochrome spectra and oxidase test-. Dithionite-reduced minus air-oxidized spectra of succinate-grown cells were measured at 77 K. The oxidase test (NADI reaction, anaphthol + N,N-dimethyl-p-phenylene diamine + 02 indophenol blue + H20) was performed after growth on succinate plates by the method of Willison et al. (40) . Table 3 this is shown for choline, but it was observed in autotrophically grown cells as well. The addition of PQQ in the concentration range of 1 F.M to 1 mM did not restore the defect in these mutants under any condition tested. In revertants of PD1218, selected for growth on either methanol or methylamine, the wild phenotype was restored.
Class III mutants, exemplified by the strains PD1216 and PD1217, were unable to grow on methanol, methylamine, or choline. PD1217 could be distinguished from PD1216 by the fact that growth was also impaired with substrates that would yield aldehydes as catabolic intermediates. The increased sensitivity to aldehydes of mutant PD1217 was apparent by the inhibition of growth by the mere presence of choline or ethanol in glycerol batch cultures. Significantly raised activities of NAD-dependent FyDH were observed in strain PD1217 and shown to be constitutive, since similar levels were found in glycerol batch cultures. A dye-linked FyDH, hypothesized to act as a general aldehyde dehydrogenase in Hyphomicrobium sp. X (20) , was detected with only low activities in both the mutants and the wild type (0.2 nmol of dichlorophenolindophenol per min per mg of protein). Revertants from strain PD1216 and PD1217 that regained the ability to grow on choline would simultaneously revert with respect to methanol and methylamine utilization. This demonstrates the pleiotropic character of these mutations. However, three out of five revertants of strain PD1217 that were tested retained the observed constitutive synthesis of NAD-dependent FyDH.
During the oxidation of methanol or methylamine, electrons are donated to the electron transport chain at the level of cytochrome c (36) (Fig. 1) . Therefore, the inability of class IV mutants to grow on methanol or methylamine may be due to a defect in the respiratory chain at or beyond cytochrome (Table 1) . In dithionite-reduced minus air-oxidized difference spectra it was shown that cytochrome c is virtually absent in this mutant (Fig. 2) . The alpha-absorption maxima, characteristic of a cytochrome c (547 nm) and a cytochrome cl (550 nm), were not detectable, whereas cytochrome aa3 was present as in the wild type, as indicated by the presence of an absorption maximum at about 604 nm. Anaerobic growth of PD1219 on nitrate as the electron acceptor was poor, whereas nitrite was accumulated and less amounts of nitrogen were evolved than by the wild type. This suggests a block in electron transfer to nitrite and nitrous oxide reductases that are known to receive electrons originating from cytochrome c (30) . In revertants obtained on either methanol or methylamine plates the wild phenotype was restored. A cytochrome aa3 mutant isolated by Willison et al. (39) as well as cytochrome aa3 mutants isolated in our laboratory (F. van Leeuwen, unpublished results) were able to grow on methanol.
Class V mutants, represented by strain PD1221, were impaired in growth on either methanol, methylamine, formate, or formamide. This mutant induced MDH and FyDH at levels similar to those of the wild type, but low levels of formate dehydrogenase activity were detected. With an Mo cofactor complementation test (9), this mutant was not able to synthesize a functional Mo cofactor. Colonies of this mutant grown on choline agar plates acidified the medium as demonstrated by the inhibition of triphenyltetrazolium chloride reduction. On methanol plates, mutant PD1221 was able to cross-feed all other mutants isolated. These observations seem to warrant the conclusion that formate was excreted by this mutant under these conditions. Revertants obtained on nitrate would simultaneously revert with respect to methanol, methylamine, and formate utilization.
DISCUSSION
The P. denitrificans mutants with defects in the metabolism of one-carbon compounds were found to belong to five different classes and to give useful information on the metabolism of methanol. Considering the many compounds known to be involved in methanol oxidation (Fig. 1 No mutants were found in either formaldehyde or formate NAD-linked dehydrogenases. For both substrates dyelinked dehydrogenase activity could be demonstrated. A tetrazolium nonreducing response, in the selection procedures followed, may require both enzymes to be inactivated or alternatively the production of toxic metabolites leading to cell death. The first situation indeed occurred in class V mutants, which were devoid of all formate dehydrogenase activity, due to the absence of a functional Mo cofactor. The isolation of class III mutants probably was due to the lethal character of the lesion when formaldehyde is produced during catabolism of methanol or choline. Even enhanced and constitutive levels of the NAD-dependent formaldehyde dehydrogenase were not sufficient to relieve these mutants from this defect. Significant amounts of formaldehyde may therefore be produced at a specific site in the environment of the membrane.
Attempts to obtain the missing mutants are continuing. It is obvious that, apart from their usefulness in physiological studies, the mutants obtained may be used as tools in the isolation of genes involved in C1 metabolism.
